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In lithium-ion batteries, Si-based materials such as silicon alloys are regarded as a promising alternative to graphite negative
electrode to achieve higher energy. Unfortunately, they often suffer from a large volume change that can result in poor cycle life.
We monitored the electrode expansion/contraction that occurs during lithiation/delithiation in real time by electrochemical
dilatometry. Volume changes of Si alloy-based electrode with three different polymer binders have been compared. Electrode
manufactured with lithiated polyacrylic acid (LiPAA) exhibited the greatest expansion but also demonstrated the highest
reversibility as well as the best cycling performance. Ex situ SEM imaging along with dilatometer measurements revealed that
electrode porosity after contraction (delithiation) increases compared to that after precedent expansion (lithiation), which can buffer
volume expansion at the subsequent cycle. Proof-of-concept in situ optical microscopy (IOM) experiments were carried out with
the best performing LiPAA electrode. The results demonstrated that LiPAA electrode in the IOM cell expanded much less than the
same electrode in the dilatometer cell. This implies that internal pressure existing in a lithium-ion cell has a great impact on total
electrode expansion.
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Si and Si-based materials have been attracted as a negative
electrode for lithium-ion batteries in the last decades primarily
due to both one order of magnitude larger theoretical capacity
(3579 mAh g−1) compared to that of graphite (372 mAh g−1) and
their natural abundance.1–9 However, considerably large volume
change (>280%)10 of such materials during charge/discharge and
the resulting poor cyclability hinders implementation of large
amounts of silicon into the negative electrode.11 An increasing
number of studies has shown that understanding both volume change
and the influence of external pressure in prototype cells made of the
Si and Si-based anodes is critical to improve cell performance.12–17
One promising approach to reduce overall volume expansion is to
make an alloy of the active element (i.e. Si) with inactive elements
(active/inactive alloys).18,19 Designing a Si alloy in a way that total
expansion of the electrode is maintained to a tolerable amount
(e.g. 100%) results in an increased energy density as compared to
that of pure Si with the same expansion by limiting capacity.2,18 This
is mainly due to full utilization of its working potential. Another
economically viable way to solve the issue of volume changes is to
use effective polymeric binders.2,20–22 Effective binders can main-
tain the electrode integrity, leading to long term cyclability. Major
roles of the binders are 1) to cohesively combine active (e.g. silicon)
with inactive (e.g. conductive agent) materials; 2) to bind the
materials to a current collector.20–25 An adhesion and cohesion
strength is, therefore, one of the crucial properties of binder on the
battery performance, which is closely related to its chemical nature.
The chemical nature of binders can be classified into three types
of chemical bonds in terms of the strength and reversibility against
external stress: 1) weak supramolecular interactions (e.g. van der
Waals force); 2) strong supramolecular interactions (e.g. ion-dipole
interactions and hydrogen bonding); and 3) covalent bonds.20 For
example, polyvinylidene fluoride (PVdF) exhibits weak supramole-
cular interactions, which have the high reversibility, but also possess
a weak driving force to return to the original state. Carboxymethyl
cellulose (CMC), polyacrylic acid (PAA), and polyvinyl alcohol
(PVA) have strong supramolecular interactions, which are able to
recover dissociated bonds more efficiently due to their reversibility
and stronger bonds. In contrast to the former supramolecular
interactions, covalent bonds forming a relatively stiff electrode
structure can suppress the disintegration of active particles upon
repeated volume change, but the too strong adhesion of the covalent
bonds impinges on the reversibility, which eventually leads to
electrode failure.20,26 Therefore, a proper choice of binder is strongly
desirable in Si-based anodes to improve the mechanical stability of
the electrodes and thereby improved cycle life.
Many efforts have been made on polymer binders combined with
Si and Si-based systems to accommodate such a huge volume
change, or at least, to delay the fast capacity fading by increasing
mechanical stability of the electrode.22,27–29 However, there is little
information available on detailed analysis of the expansion of the Si
alloy electrodes with different binders. Recently, Raam et al. carried
out electrode thickness measurements of Si alloy composites made
from lithiated PAA (LiPAA) with varying molecular weights in a
coin-type cell.30 The study showed that LiPAA binder with a
molecular weight of 250,000 g mol−1 at concentration of 8 wt.%
exhibited the best cycling performance though the irreversible
volume expansion of the electrode was about 40% after one
complete cycle. It is, however, an ex situ approach where evolution
of volume changes of the electrode cannot be detected.
Electrochemical dilatometry (ECD) has been regarded as method
of choice to investigate Si-based anodes for the past decade.22,31,32
This is because vertical displacement of an electrode of interest is
monitored in real-time with a high precision.25,33
In this study, the influence of binder type on volume change of
the silicon alloy electrodes during lithiation and delithiation was
systematically investigated. Since the covalent bonding between
binder and silicon particle is not desirable due to the poor
reversibility, two binders, LiPAA and PVA, that form the strong
supramolecular interactions are selected and compared with the
traditional binder PVdF. The dilatometric responses on the Si alloy
electrodes with three binders (LiPAA, PVdF, and PVA) upon
lithiation/delithiation were primarily monitored by electrochemical
dilatometry and analyzed in detail. To support the results obtained
from the dilatometry, ex situ cross-sectional SEM was used and thezE-mail: donghwan.yoon@zsw-bw.de
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micrographs were analyzed by an image processing software,
AvizoTM. Furthermore, a proof-of-concept in situ optical microscopy
was introduced to directly visualize volume change of the electrodes
upon lithiation.
Experimental
Electrode preparation.—Si alloy was obtained from 3 M com-
pany (L-20772 CV7), and used as received. Three types of
electrodes were fabricated by mixing Si alloy and binder in a weight
ratio of 91 to 9 as described in Ref. 19. The binders used in this study
were lithium substituted polyacrylic acid (LiPAA), polyvinylidene
fluoride (PVdF), and polyvinyl alcohol (PVA). 10 wt.% LiPAA
solution was prepared as follows: 35 wt.% aqueous solution of
polyacrylic acid (PAA, MW = 250 K, Aldrich) was neutralized to
pH = 7 by lithium hydroxide and then diluted to obtain the resulting
binder solution. 5 wt.% PVdF solution was obtained by dissolving
PVdF (P5130, Solvay Solexis) in N-methyl-pyrrolidone (anhydrous,
Sigma-Aldrich) by means of magnetically stirring overnight. PVA
(MW = 130 K, Sigma-Aldrich) was vigorously stirred for 1 h with a
magnetic stirrer in deionized water by using water bath (85 °C ) to
obtain an uniform binder solution with a concentration of 6.5 wt.%.
Fritsch Pulverisette 7 planetary mill was used to mix the active
material and corresponding binder. The materials were placed in
45 ml zirconium oxide vessel with four zirconium oxide beads and
mixed at 160 rpm for 60 min. In the case of slurry with PVA binder
the slurry was mixed for 4 h due to formation of agglomerates. The
slurries were then spread by the “doctor blade” technique on a
copper foil (35 μm-thick) supported on an automatic coater
(Erichsen, Germany). The film was dried in air for at least 2 h and
then cut into various sizes (8 mm in diameter for dilatometry and
16 mm in diameter for in situ optical microscopy) round electrodes
before being further dried in a vacuum glass oven (Büchi,
Switzerland) overnight. The final loading of the three electrodes is
3.7 ± 0.2 mAh cm−2.
Electrochemical testing.—Dilatation of the electrodes with
different binders was monitored using an electrochemical dilat-
ometer (ECD-1 cell, EL-CELL GmbH). The design of the ECD-1
cell was reported elsewhere.33 In the cell core, a stiff glass frit is
used as separator and placed in a fixed position to measure solely the
height change of the working electrode by a high-resolution
displacement transducer. A dried electrode with 8 mm in diameter
was used as working electrode and lithium metal was used as
counter and reference electrodes. If not stated otherwise, the
electrolyte used in this study was 1 M LiPF6 in EC:EMC:FEC
(27:63:10, w/w). The dilatometer cells were assembled in an argon-
filled glovebox (<0.1 ppm both O2 and H2O, MBraun). The
electrochemical measurements were performed in a climate chamber
(Binder GmbH) where temperature inside was maintained at 25 °C.
Electrochemical cycling was carried out at laboratory battery testing
unit VersaSTAT 3 F (Princeton Applied Research). Constant current
lithiation (to 0.005 V) and delithiation (to 0.9 V) with a defined
C-rate (based on a reversible capacity of 1110 mAh g−1) was applied
to investigate the height changes depending on different binders. For
cross-sectioning, a broad-beam Ar ion milling device (Hitachi
IM4000Plus) was used. Scanning electron microscopy (SEM)
imaging was performed, using a LEO 1530 V (Carl ZeissNTS
GmbH) microscope. For a visualization of the volume changes of
the electrodes, in situ optical microscopy measurements were
conducted on a digital optical microscope (M8, PreciPoint,
Germany) equipped with a 40x objective lens (Olympus UIS2).
An optical cell was designed with a two-electrode set-up as same as
the conventional coin cell-type and a cross section of the cell
components (i.g. anode, cathode, and separator) with windows was
manufactured in order to allow observation of anode expansion. Si
alloy electrodes with three different binders act as an anode, while
LiNi0.5Mn0.3Co0.2O2 (denoted “NMC” hereafter, Umicore, Belgium)
cathodes serve as a cathode (3.5 mAh cm−2). The detailed coating
procedures of NMC cathode were reported elsewhere.34 Celgard®
2325 was used as a separator. The cells were cycled at C/20 with an
upper voltage cutoff of 4.2 V using a potentiostat/galvanostat
(Vertex.One, IVIUM, Netherlands).
Porosity determination.—Porosities were determined for the
pristine, the fully lithiated, and the fully delithiated LiPAA-
containing electrodes, using the cross-sectioning device, SEM, and
an image processing software, AvizoTM. Once the electrodes were
either lithiated or delithiated in the dilatometer, the dilatometer cell
was disassembled and the electrodes were carefully washed with
dimethyl carbonate (DMC) in an Ar-filled glove box. The washed
electrodes were then dried under vacuum before being milled by Ar
ion beam to obtain a cross-section. In the case of the lithiated
electrode, a specially designed transfer chamber was used for cross-
sectioning and SEM investigations. The key for accurate digital
porosity analysis is to generate a threshold image which separate the
pores from the rest of the objects in the image. The secondary
electrons (SE) images of all three electrodes were used to obtain
representative cross-sections of the electrodes.
Results and Discussion
We studied first, by means of electrochemical dilatometer, how
the type of binder affects the thickness change of the silicon alloy
anode during lithiation and delithiation. In the dilatometer setup, the
Si alloy anode, which acts as the working electrode, is mounted on
top of a glass frit that mechanically isolates the electrode from the Li
metal counter electrode. The real-time thickness variation (i.e.
vertical expansion and contraction) is monitored through a thin
metal membrane by a linear voltage displacement transducer. The
measured changes of the electrode thickness are then converted to









where hf and hi are the final and initial thickness of the electrode.
The continuous thickness changes of the electrodes prepared with
LiPAA, PVdF, and PVA binders during cycling are shown in Fig. 1.
The first and second cycle capacities and thickness changes (%) of
the electrodes with different binders after each half cycle are also
summarized in Table I. Note that electrode thicknesses are set as
zero after soaking in the electrolyte (i.e. the initial state). A common
observation in Fig. 1 is that all electrodes severely expand (>180%)
upon lithiation (Li–Si alloying) and contract upon delithiation (Li–Si
de-alloying), although the extent and behavior of expansion/con-
traction differ depending upon the selected binders.22,23,25,35 We
note that a non-linear thickness change as function of the run time,
that is proportional to capacity, is observed. This is contradictory to
the expected linear behavior of Li–Si alloying.18 Linear volume
expansion of alloy anode materials as a function of lithium content
has been reported by Obrovac et al., which derives from binary
phase diagrams of lithium-hosting metals such as Si or Sn with
lithium.18 In the case of Si, addition of lithium at temperature near
400 °C forms a series of crystalline Si–Li phases, whereas lithiation
of silicon at near or room temperature did not show those phases.
Instead, silicon becomes amorphous upon lithiation36 and a meta-
stable Li15Si4 phase might be obtained at the end of lithiation.
10
Nevertheless, room temperature lithiation of silicon is expected to
follow the linear expansion.22 Therefore, the observed nonlinearity
seems to reflect an effect of binder at the electrode level.
Electrodes made with LiPAA do not swell significantly for the
first 2 h. Both PVdF- and PVA-based electrodes also show a slow
and small thickness increase up to 3 h. The slow expansion can
presumably be attributed to the capability of the initial electrode
porosity to accommodate the volume changes.22,25,32 Afterwards, a
fast and linear thickness increase (1.31% per mAh g−1) is observed.
Then, expansion rate decreases progressively as the first lithiation
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reaches the end criteria (ECutoff = 0.005 V), resulting in 490%
swelling at full lithiation, which is in line with, at least in terms of
the extent, some of the previous measurements carried out by
dilatometer in literature. Yu et al. reported 450% expansion at the
end of lithiation (3400 mAh g−1) when CMC and micro-size silicon
(5 μm) were used in a weight ratio of 20:60 with 20 wt.% conductive
carbon.22 In their publication, approximately 300% expansion during
the last stage of lithiation was attributed to “the breakdown of the
binder and cracking of the particles.” Tranchot et al. showed
350%–500% expansion for the first two cycles when 8 wt.% CMC
and 80 wt.% silicon with 85 nm particles were used.32 The rupture of
the cohesive Si-CMC bond was pointed out for the reason of such an
expansion. In the present study, however, the fact that the large
electrode expansion is detrimental, and possibly due to either the
breakdown of the binder or the rupture of the Si-binder bonds, could
not be fully confirmed because the most expanded LiPAA electrodes
showed the lowest capacity fading as well as the highest reversi-
bility. An early study shows that PAA contains high concentration of
carboxylic groups, which form strong hydrogen bonds with OH
groups on the Si.21 Moreover, LiPAA mainly forms ionically
conductive COOLi groups, which might build a stable SEI and
exhibit ion-dipole interaction. These are presumably responsible for
the reversibility of LiPAA electrodes.
Interestingly, an abrupt contraction of the electrode starts at
∼20.8 h during the first delithiation that is followed by a dramatically
slow decrease in thickness. Although the phenomena observed here
are not yet clearly understood, the similar abrupt contraction has been
reported.23,32 Tranchot et al. attributed such a thickness decrease to
electrode decohesion resulting from the rupture of the Si-binder bonds
during lithiation-induced volume expansion. The acoustic emission
(AE) activity that is originated from cracking of the active material,
SEI formation, and gas evolution was also observed intensively at the
beginning of delithiation of the silicon electrode.32
At the end of the first cycle, the amount of remaining expansion
(i.e. irreversible volume change, Virr) of the LiPAA electrode is
94%, exhibiting the highest reversibility (81% of total expansion is
recovered) among the three electrodes tested here (also see Table I).
This result indicates that the best cycling performance is achieved
using LiPAA. The first cycle coulombic efficiency (CE) is 73.7%,
lower than the result obtained from electrodes with same composi-
tion evaluated in a coin cell-type geometry.37 This is most likely due
to lower pressure applied in the ECD-1 cell that is originated from
the intrinsic concept of measuring the out-of-plane volume change
by a displacement sensor without applying excessive pressure,33,38
which cannot sufficiently prevent particle movements and coating
detachment during a course of expansion and contraction. In fact,
Berckmans et al. demonstrated that applying external pressure on Si
alloy-containing cells is beneficial in terms of capacity and ohmic
resistance during discharge.14
When the second lithiation starts, the expansion behavior of the
LiPAA electrode is altered. A slow and continuous volume expan-
sion occurs for ∼8 h (440 mAh g−1) followed by a steep increase in
thickness up to 441% at the end of lithiation. During the second
delithiation, contraction behavior is comparable to that of the first
delithiation. The irreversible expansion after the second cycle (97%)
is only increased by 3% with respect to the first cycle, indicative of a
reversible volume change of the LiPAA containing electrode. The
CE for the second cycle is also increased to 89.8%, indicating that
the electrode is better passivated (after SEI formation).
The expansion/contraction behavior of PVdF-based electrode is
different from the one with LiPAA. (Fig. 1b). First, the expansion of
the electrode only reaches to 230% at full lithiation with a
Table I. First and second cycle (de)lithiation capacity and thickness change of LiPAA, PVdF, PVA-based electrodes.
1st Cycle 2nd Cycle
Binder Qlith (mAh g
−1) Tlith (%) Qdelith Tdelith Qlith Tlith Qdelith Tdelith
LiPAA 1136 490 837 94 902 441 810 97
PVdF 1193 230 526 70 465 153 119 117
PVA 827 169 419 57 220 93 150 60
Figure 1. Thickness change of silicon alloy anodes with (a) LiPAA, with
(b) PVdF, and with (c) PVA during galvanostatic cycling (C/20 as being
55 mA g−1 alloy). Black lines show evolution of the electrode thickness,
whereas red thin lines depict potential of the anodes vs Li/Li+. The legend in
each figure corresponds to a capacity of 500 mAh g−1.
Journal of The Electrochemical Society, 2020 167 160537
comparable capacity of 1193 mAh g−1 that is approximately half the
expansion of LiPAA electrode. However, the PVdF electrode shows
poor capacity retention. Indeed, nearly no capacity was obtained
during the third cycle. Second, the expansion rate continuously
increases during lithiation and the last ramp-up in thickness starting
at ∼16 h is presumably due to the binder breakdown, which can
accelerate both cohesion (particle-to-particle) and adhesion (particle-
to-current collector) failure modes (see Fig. 1b inset). After the
ramp-up, the slope of thickness increase is levelled at 20 h and then
the increases again until the end of the lithiation. A repeated
measurement of the PVdF electrode (not shown here) even exhibits
a slight decrease in thickness (i.e. contraction) followed by the
thickness increase again during the first lithiation. The similar
features were reported when silicon was prepared with neutralized
CMC (see Fig. 5c in Ref. 19). They attributed the observation to
the collapse of the electrode structure originated from its poor
cohesive nature. As seen in the picture of the electrode taken after
three cycles, the PVdF electrode was cracked and delaminated from
the current collector. Although used binders are different in this
comparison, it is reasonable to conclude that the binder which
possesses a poor cohesive property can lead to cracks, delamination,
and collapse of its structure, which even results in a decrease in
thickness while being lithiated. All those effects translate into a
reduced delithiation capacity (526 mAh g−1), low coloumbic
efficiency (44.1%) and high irreversible expansion after the first
cycle. Indeed, only 70% of the total expansion is recovered during
delithiation. After the second cycle, the PVdF-containing electrode
contracts only 36% (from 153% to 117%), since most of the active
particles are likely electrically disconnected at this stage. Irreversible
volume expansion after the second delithiation is further increased to
117% (c.f. 70% after the 1st delithiation).
Figure 1c shows the expansion/contraction behavior of PVA-
based electrode. The expansion of the PVA electrodes behaves
differently from that of the PVdF electrodes, whereas it shows a
similar trend as that of the LiPAA electrodes. After a slow increase
for the first 1.3 h due to the buffering property of the initial pores, as
shown on the other electrodes, the expansion rate for the next 5 h is
higher (0.291% per mAh g−1) than the region between 3 and 12 h in
PVdF-based electrode (0.161% per mAh g−1). Possible explanation
is that rather strong hydrogen bonding (i.e. strong supramolecular
interaction) between binder and active material allows less particle
rearrangement compared to the electrode made from PVdF. While
PVdF is more flexible due to the weak van der Waals interaction
with the silicon alloy, PVA interacts rather strongly with the active
material.20 This will be further discussed with a model below. At the
end of lithiation, the expansion rate for the electrode made from
PVA becomes lower similarly to as the LiPAA electrode. It is
hypothesized that each particle expands from its original location
and might leave pore spaces, which can then accommodate the
expansion by filling the voids. The expansion due to the first
lithiation is 169%, which is the lowest among the three electrodes
tested, partially due to the less capacity achieved (827 mAh g−1).
Comparing the potential profiles, Li-Si alloying reaction in elec-
trodes made from LiPAA and PVdF occurs at approximately 0.14 V
vs Li/Li+, whereas the reaction in PVA electrode takes place at
0.03−0.04 V, thus possibly indicating high electrode resistance and
slower kinetics. Since the lithiation was carried out under constant
current scheme without a constant voltage scheme and the over-
potential of PVA electrode was apparently larger, the capacity
gained for the first lithiation of PVA electrode is lower than the
previous two electrodes. When the constant current-constant voltage
(CCCV) lithiation was carried out in a coin cell, a comparable
lithiation (1137 mAh g−1) and delithiation capacity (870 mAh g−1)
to LiPAA electrode were obtained (see Fig. S1 available online at
stacks.iop.org/JES/167/160537/mmedia in supplementary informa-
tion). In addition, the PVA electrodes shrink back to 60% after the
second cycle, which is almost the original state at the beginning of
the second lithiation (57%) although delithiation capacity was only
obtained 150 mAh g−1.
Height changes of the electrodes and differential capacity
(dQ/dE) during the first and second cycles are depicted in Figs. 2
and 3. In the vicinities of the SEI formation potential, as shown in
Fig. 2, the reductive decomposition of the electrolyte components is
denoted by two pronounced peaks, in accordance with previous
studies39–41 However, the peaks in LiPAA-containing electrode are
more pronounced than the ones with PVdF (Figs. 2a and 2b). As
reported in literature,8,37,42–44 FEC plays a key role as a film forming
agent on silicon- and silicon alloy-based electrodes and decomposes
to form a SEI earlier than other components of the main electrolyte.
When the SEI is formed on the surface of silicon alloy particles,
there is no clear indication of volume expansion at these potentials at
the electrode level. Traditional SEI on lithium metal is a nanometer-
scale film with 25−100 Å,45,46 having properties of electronic
insulator and ionic conductor, while the total thickness of SEI on
silicon nanowires was reported 22 nm after the first cycle,47 which is
significantly thicker, but still in nanometer-scale. Therefore, the
Figure 2. Evolution of thickness change and differential capacity (dQ/dE)
for the early stage of first lithiation in the potential window from open circuit
voltage (∼3 V) to 0 V for (a) LiPAA, (b) PVdF, and (c) PVA electrode.
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early stage of the SEI film formation in the Si-alloy anodes is
unlikely to contribute out-of-plane expansion at the electrode level
as evidenced in Fig. 2. Another explanation would be that SEI layers
formed on the surface of particles might also be accommodated by
the pores present inside the electrodes.
Contrary to the previous two electrodes, the peak associated to
the reduction of the electrolyte is barely noticeable when PVA was
used (Fig. 2c), and found at ca. 1.3 V. When the PVA electrode was
cycled in a coin cell, the reduction peak was more discernible at
1.24 V (see Fig. S1). This suggests that PVA may form an insulating
film on the active materials, leading to a large overpotential as
evident in the voltage profile (Fig. 1c) and/or SEI formation on the
PVA electrodes is sluggish.5 Again, there is no clear indication of
vertical expansion on PVA-based electrodes during SEI formation as
observed on LiPAA- and PVdF-based electrodes.
When the 1st Li-Si alloying reaction occurs at 0.15 V vs Li/Li+
for the LiPAA-containing electrodes (Fig. 3a) and 0.16 V for PVdF-
containing electrode (Fig. 3b), the volume expansion for both cases
is delayed to occur at 0.14 V. For both electrode types, the initial
electrode porosity seems to offer free space for particles to expand,
and thereby the early stage expansion of the electrode is buffered by
filling the voids inside the electrode. Lithiation for PVA-containing
electrode begins at much lower potential (∼0.04 V vs Li/Li+)
compared to the former two presumably due to the considerably
slower electrode kinetics. As similar as before, the vertical expan-
sion of PVA electrode starts at even lower potential (Fig. 3c).
Overall, the expansion onsets for the first lithiation are slightly
shifted to lower potentials owing to pores present in the pristine
electrodes.
One noticeable feature on the dQ/dE profiles during delithiation
is two smooth humps centered at 0.29 V and at 0.46 V, as shown in
Fig. 3. As reported about this type material in literature,19 the two
humps indicate silicon in the alloy is being cycled in a single phase.
The metastable final phase, Li15Si4, is avoided to form at the end of
lithiation presumably due to stress induced from the presence of the
inactive phase in this silicon alloy.48
Upon the second lithiation, onset of the expansion is further
delayed in all three electrodes as the electrodes shrink during
delithiation and probably leave pores, which then provides a space
for accommodating the subsequent volume expansion. Cross section
micrographs by SEM support this hypothesis that porosity of
the electrodes increases after delithiation compared to that of the
lithiated electrodes, which will be discussed below. Due to the
sloping potential coming from single phase Li-Si alloying reaction, it
is not trivial to define the onset potential of lithiation. For example,
the 2nd lithiation occurs at approximately 0.38 V for the LiPAA
electrode, whereas the volume expansion begins at 0.11 V vs Li/Li+,
which is much delayed when compared to the same feature in the 1st
lithiation.
To better understand how the porosity changes before and after
lithiation/delithiation three LiPAA-containing electrodes were pre-
pared: the pristine, the fully lithiated, and the fully delithiated, and
the cross-sections of the electrodes are shown in Fig. 4. Three
representative SEM images were chosen for each electrode, as one
of each case are shown in Figs. 4a–4c. Note that the electrodes here
were electrochemically lithiated/delithiated in the same dilatometer
apparatus as described in Experimental section in order to achieve a
fair comparison with the results of the previous section. It should be
noted that digital porosity analysis by 2D cross-sectional SEM is
semi quantitative approach. In other words, a trend in porosity
changes before and after (de)lithiation is more meaningful than its
absolute values. It is assumed that calculated porosity from 2D
images (i.e. the proportion of a pore area to an entire sample area)
can also be expanded pore volume in 3D structure. It is also assumed
that coating is homogeneous. Therefore, the porosity from 2D image
analysis can presumably project as similar as that from 3D structure
analyzed by micro X-ray computed tomography or focused-ion
beam SEM. Porosity of each entire image was calculated by
AvizoTM and average values for each electrode are displayed in
Fig. 4d. Si alloy particles and pores, as well as the Cu current
collector are clearly identified in the pristine electrode. When the
electrode is lithiated (i.e. expansion), pores are reduced and most
space between particles is covered by a dark contrasted layer
comprising light elements such as O, and F (see Fig. S2).
As mentioned earlier, particle expansion by Li-Si alloying
process during lithiation is buffered by filling pore volume at the
early stage. Once initial pores are filled by expanded particles,
further alloying reaction leads to a vertical electrode expansion by
pushing neighboring particles as measured by dilatometer.
Therefore, the porosity after lithiation is, in general, expected to
decrease as compared to that of the pristine electrode. During
delithiation, Si alloy particles shrink and may leave empty space,
leading to an increase in porosity (Fig. 4d). The calculated porosities
from image analysis for the pristine, lithiated, and delithiated
electrodes are in accordance with the above-mentioned interpretation
as presented in Fig. 4d.
To better understand why the quick contraction occurs at the
beginning of each delithiation for the most reversible electrode, i.e.
LiPAA electrode, a series of OCV periods have been imposed after a
certain lithiation degree of the electrode, as shown in Fig. 5. This
may give a clue whether a current-free relaxation during OCV is
associated with the behavior of electrode contraction. After the first
full lithiation, 3 h of OCV was imposed before the first full
delithiation. During the subsequent cycle (2nd cycle), lithiation
Figure 3. Evolution of thickness change and differential capacity (dQ/dE) for the complete first and second cycles in the potential window between 0 V and 1 V
for (a) LiPAA, (b) PVdF, and (c) PVA electrode.
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was limited by 8 h and then the second delithiation started after 3 h
of OCV period. More lithium was inserted in the third cycle, where
the lithium amount is controlled again by time (11 h). Then, no
capacity limitation was applied in the fourth cycle (only cutoff
potential limited).
When the LiPAA electrode is fully lithiated for the first time and
then 3 h of OCV (the region labeled as “I”) is imposed, the electrode
contraction was observed just 22%. The rate of thickness decrease is
∼7% per hour, which is significantly lower than the region (“II”) in
the subsequent 1st delithiation (127% per hour). A reasonable
interpretation on contraction/expansion behaviors of the LiPAA
electrode would probably be deduced from a recent study by Kumar
et al. 23 Kumar and co-workers showed in-plane stress measurements
and out-of-plane expansion/contraction measurements of silicon-
carbon composite electrodes by using a multi-beam optical sensor
technique and the dilatometry, respectively. During the first delithia-
tion, regardless of the silicon content in the composite electrodes, a
rapid decrease in compressive stress is observed at the initial stage of
the delithiation. After the fast decay of the stress within short time,
the rate of the stress decrease becomes significantly slower until the
end of the delithiation. The stress measurements for the subsequent
delithiation cycles (the 2nd and 3rd) exhibit such a clear transition,
too. Dilatometry results also showed that during the early stage of
the first delithiation, the electrode thickness substantially decreases,
which is then followed by a slow decrease in thickness. Kumar et al.
attributed these abrupt decreases in stress and in thickness at the
early stage of delithiation to “elastic unloading of the binder.” In
other words, the binders examined (CMC and Na-alginate), which
are supposedly sandwiched between the active particles, exhibit
elastic recovery when a part of the load originating from silicon
particle expansion is removed. Perhaps, most portion of the binders
at this stage does not break down and their elastic properties are still
retained. Since our dilatometry results exhibit similar trends during
delithiation (the 1st, 3rd, and 4th), despite the difference of the
binder used here (i.e. LiPAA), the sudden decrease in thickness can
be attributed to the elastic response of the binder, which is triggered
not by the current-free relaxation during 3 h of OCV, but by a
removal of small quantity of lithium.
Interestingly, a fast rise in thickness during lithiation processes
(labeled as “III”), except that for the 1st lithiation, occurs at
∼420 mAh g−1. For example, when lithiation was carried out only
for 8 h shown in Fig. 5b, the sudden increase in thickness was not
observed. However, the fast thickness increases were observed when
more lithiation was carried out as shown in Figs. 5c and 5d.
Although the exact reason for this result is unclear, we believe
that there might be a threshold capacity, which can cause the quick
increase in electrode thickness. Furthermore, expansion/contraction
behavior for the 2nd, 3rd, and 4th cycles is similar, whereas the first
expansion clearly differs from the subsequent expansions. Since
Si-based materials including this Si alloy undergo electrochemical
amorphization at the first lithiation36 and then are cycled in
amorphous phases, the changes in microstructure of the alloy during
the 1st lithiation differs from those during the subsequent cycles.
Therefore, the similarity observed might be associated with similar
microstructural changes of the Si alloy, which occur in a single
phase. The different expansion behavior between the first and the
rest cycle might also be related to the structural changes.
Although in situ electrochemical dilatometry provides in depth
information on the time-resolved volume changes of the electrodes,
in the current dilatometer there is no stacking pressure that is present
in a practical coin cell, which might cause an overestimation of the
electrode thickness.3,12–15 While ex situ cross-sectional SEM ap-
proach enables a visual observation of the volume changes, it was
carried out from recovered (i.e. disassembled, washed, and dried)
Figure 4. Secondary electron images of the cross section of (a) pristine, (b) lithiated, and (c) delithiated electrode with LiPAA binder. Porosity of each electrode
is calculated via the image analysis with the aid of AvizoTM. Three images (each of 2048 × 1536 pixels) are attained for each electrode and porosity of each
image is calculated. The values in (d) are attained from an average of three images.
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and relaxed (i.e. without the stacking pressure) electrodes. The
conditions with which the above mentioned two methods were
carried out might not forecast correctly practical cases. Therefore,
the proof-of-concept in situ optical microscopy (IOM) technique
featuring the existence of the stacking pressure as well as real time
visualization of volume changes is demonstrated.
Figure 6 depicts evolution of cell voltage and selected images
taken during the first lithiation of the Si alloy anode with LiPAA
binder against a NMC cathode in full cell. Figure 6a shows that the
thickness of the silicon alloy anode gradually increases upon
constant current lithiation. Note that the thickness of the silicon
alloy anode was determined by measuring the total length from the
Cu current collector to the interface between separator and NMC
cathode and then subtracting a sum of the Cu and separator. The
reason is that the interface between anode and separator becomes
rougher during lithiation49 and thereby being hard to define it. It is
here assumed that the thickness of Celgard® separator remains
constant. As lithiation of the anode proceeds, a film-like structure is
formed at the interface between the anode and separator, as shown in
Fig. 6b from No. 5 to 7, which is presumably due to electrolyte
decomposition products. At 470 mAh g–1 based on anode active
material (No. 7), the thickness becomes 102%, which is significantly
lower than 328% at equivalent specific capacity obtained from
dilatometry measurement (Fig. 1a). This clearly indicates that the
stacking pressure in the cell has a great influence on electrode out-
of-plane expansion.
Assuming that the amount of active silicon in the alloy material is
31 wt.% based on the obtained alloy capacity and the theoretical Si
capacity (i.e. 3579 mAh g–1),10 the thickness increase is redrawn
with respect to the silicon specific capacity, mAh gSi
–1 as shown in
Fig. 6c. A linear fit from experimental data shows a slope of
0.0693% per mAh gSi
–1, which is in line with the theoretical
expansion 0.0737% per mAh gSi
–1 obtained from molar volume
changes in crystalline phases of Li–Si alloying reaction.22 It is
hypothesized that external pressure that is normally present in
practical cells modifies expansion behavior resulting from binder
itself, whereas the absence of the pressure displays more character-
istic volume change coming from binder and its interaction with
electrode materials. Moreover, when the pressure is applied, Si alloy
particles may find a certain resistance toward the out-of-plane
direction, which then results in a lower out-of-plane expansion and
a more in-plane expansion.
Conclusions
In this work, we have used in situ dilatometry, optical micro-
scopy and ex situ SEM in order to investigate the effect of the
selected binders (i.e. LiPAA, PVdF, and PVA) on the volume
changes of Si alloy containing anodes. The results demonstrate that
the electrode with LiPAA, which exhibited the greatest volume
expansion also, demonstrated the highest cyclability and reversibility
during lithiation and delithiation. We tentatively attribute this result
to the strength of the interaction between binder and silicon particles
(via ion-dipole interactions) dominating the electrode properties.
Dilatometry results demonstrated that SEI layer formation at the
early stage of first lithiation for all electrodes is unlikely to
contribute out-of-plane expansion at the electrode level. It was
observed that the 1st complete cycle of the LiPAA-containing
electrode (i.e. expansion and then contraction) resulted in an increase
in electrode porosity, which buffered against subsequent volume
Figure 5. (a) Electrode thickness and potential response during galvanostatic cycles (C/20) with open circuit interrupts for 3 h at full lithiation, at capacity
limited lithiation (8 h), at 11 h lithiation, and at full lithiation (ECutoff = 0.005 V vs Li/Li
+) again. (b) The second, (c) third, and (d) fourth lithiation and
delithiation cycles are enlarged.
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changes. This was verified semi-quantitatively via cross sectional
SEM analysis using the AvizoTM. The proof-of-concept experiments
using in situ optical microscopy (IOM) were carried out with the
best performing LiPAA electrodes. It was found that the expansion
of LiPAA appeared to initiate at the anode-separator interface,
before evolution towards the separator, resulting in an apparent
increase in surface roughness. The results also demonstrated that
LiPAA electrode in the IOM cell expands much less compared to
the same electrode in the dilatometer cell, which indicates that the
pressure present in the cells has a great impact on on-plane electrode
expansion. One key finding of this body of work is that larger volume
expansions are not necessarily harmful to longer term cyclability, and
that the cohesion strength of the electrode (a function of binder choice)
is also a critical descriptor which should be considered during future
research.
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